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NEUTRON-FLUX STUDIES IN THE EBWR 
DURING POWER OPERATION 

by 

W. G. Knapp 

ABSTRACT 

The neutron-flux distribution in the Experimental 
Boiling Water Reactor (EBWR) core during power operation 
has been studied through the use of activation foil detectors. 
The method described in ANL-7011 was used for i r rad ia 
tion and analysis of the detectors . F rom data obtained with 
bare and cadmium-covered, cobalt-aluminum alloy foils, 
neutron-flux isogram plots have been prepared. The effects 
of reactor power changes, soluble-poison concentration, and 
control rod positions on the thermal and resonance neutron-
flux distribution are shown. 

1. INTRODUCTION 

The neutron-flux distribution in the EBWR core during power oper
ation has been studied using a foil activation technique reported.^ ' By this 
method, foils were introduced into specific core locations for shor t - te rm 
irradiat ion without affecting the normal reactor power operation. Bare and 
cadmium-covered cobalt foils were i r radiated with selected reactor oper
ating pa r a m e te r s . The effect of varying power, soluble poison concentra
t ions, and control rod positions on the neutron flux distribution was 
determined. The data accumulated during the study and presented in this 
report will be of in teres t to reactor physicists and engineers concerned 
with neutronics of boiling-water r eac to r s . 

1.1 Objectives 

The long-range objectives of the study were to charac ter ize , as well 
as possible, both the neutron-flux distribution and the energy spectrum in 
the operating EBWR as a function of several operating pa rame te r s , namely 
power level, soluble-poison concentration, control rod positions, and fuel-
loading configuration. These objectives were only part ial ly realized during 
the t ime available for reactor experiments before the shutdown of the EBWR 
in December 1962. A firm ground work has been laid, however, for exten
sion of the studies and a fuller realization of the objectives in future EBWR 
Plutonium Recycle Experiment cores . 



The in fo rmat ion obta ined f rom t h e s e s t u d i e s of n e u t r o n - f l u x d i s t r i 
but ion and, to a l im i t ed extent , of e n e r g y d i s t r i b u t i o n in t he E B W R , a r e 
useful for eva lua t ion of fuel b u r n u p , b u r n a b l e p o i s o n e f f ec t s , and r a d i a t i o n 
d a m a g e , and the d e t e r m i n a t i o n of the m o s t d e s i r a b l e cond i t i ons of r e a c t o r 
o p e r a t i o n with r e s p e c t to con t ro l p a r a m e t e r s , i . e . , c o n t r o l r od p o s i t i o n s 
and s o l u b l e - p o i s o n concen t r a t i on . 

Since the app l ica t ion of spec i f ic n e u t r o n - f l u x da t a to a p a r t i c u l a r 
p r o b l e m or a r e a of i n t e r e s t is l a r g e l y dependen t on the p a r a m e t e r s of the 
p r o b l e m and the i n t e r e s t s of the p h y s i c i s t or e n g i n e e r m a k i n g the s tudy , 
it is p r o p o s e d h e r e to give as c o m p l e t e l y a s p o s s i b l e the da ta and r e a c t o r 
p a r a m e t e r s obta ined , with a c o m m e n t a r y on the da ta and the p r a c t i c a l a p 
p l i ca t ions thereof . Appl ica t ion of the da ta to spec i f ic p r o b l e m s is left to 
the r e a d e r . 

1.2 Background 

Studies of neu t ron - f l ux d i s t r i b u t i o n and e n e r g y s p e c t r a in r e a c t o r s 
a r e the subject of m a n y r e p o r t s . ' ' The t e c h n i q u e s , m e t h o d s , and m o d 
if icat ions the reo f wel l ou tnumber the r e a c t o r s s tud ied . P o w e r r e a c t o r s , 
howeve r , have r e c e i v e d a l i m i t e d amount of s tudy, p r i m a r i l y b e c a u s e of the 
difficulty of a c c e s s for the n e u t r o n de tec t ion e q u i p m e n t . P r e v i o u s s tud i e s 
have been a l m o s t e n t i r e l y l i m i t e d to the u s e of foil m a t e r i a l s hav ing suf
f ic ient ly long- l ived ac t iva t ion p r o d u c t s to a c c o m m o d a t e both a long i r r a d i 
at ion t i m e and a long p o s t i r r a d i a t i o n t i m e to a l low for r e m o v a l and a n a l y s i s 
of the d e t e c t o r s . Obviously , t h e r e could be l i t t l e p r o v i s i o n for e x t e n s i v e 
study of neu t ron d i s t r i bu t i on or e n e r g y as a function of v a r i o u s r e a c t o r 
p a r a m e t e r s . The f i r s t ind ica t ion of such an e x t e n s i v e s tudy , u s ing w i r e s 
with p rov i s ion for r e a d y i n s e r t i o n and r e m o v a l f rom the V a l l e c i t o s Boi l ing 
Water R e a c t o r , was by C a r v e r and Morgan . (2 ) R e s u l t s of t h a t s tudy have 
not been publ i shed , but the s e l ec t i on of r a d i o a c t i v a n t s p r o p o s e d by t h o s e 
a u t h o r s undoubtedly wil l be used in future s tud i e s on EBWR. With the 
method developed for fast i n s e r t i o n and r e m o v a l of a c t i v a t i o n fo i l s , and 
with the option of using c a d m i u m c o v e r s , the door i s opened for d e t a i l e d 
study of p o w e r - r e a c t o r c o r e n e u t r o n i c s , in sp i t e of the h i g h - p r e s s u r e , high-
t e m p e r a t u r e env i ronmen t of the p o w e r - r e a c t o r c o r e . 

The EBWR is d e s c r i b e d b r i e f ly h e r e ; full d e t a i l s of t he r e a c t o r 
des ign and o p e r a t i n g p a r a m e t e r s a r e a v a i l a b l e in the l i t e r a t u r e . C ^ " 11) 

The EBWR is a d i r e c t - c y c l e power r e a c t o r , wi th a hea t d i s s i p a t i o n 
capabi l i ty of 100 MWt, a s r e c e n t l y modi f ied . It o p e r a t e s a t 600 p s i and 
250°C (489°F). The r e a c t o r , in i t s 100-MWt d e s i g n , was fueled wi th bo th 
p la te and spike fuel a s s e m b l i e s . The p l a t e - t y p e a s s e m b l i e s w e r e of doubly-
en r i ched m e t a l l i c u r a n i u m with Z i r c a l o y - 2 c l add ing . The sp ike a s s e m b l i e s 
w e r e of h i g h l y - e n r i c h e d u r a n i u m oxide p e l l e t s in Z i r c a l o y tub ing . O p e r a 
t ional con t ro l was p o s s i b l e , both with the nine c r u c i f o r m - s h a p e d c o n t r o l 



rods, and with soluble poison (boric acid) dissolved in the coolant-moderator 
water. Fuel burnup compensation in the spike assemblies was provided by 
burnable poison (boron-stainless steel) s tr ips affixed to the assemblies . 

2. DETERMINATION OF NEUTRON-FLUX DISTRIBUTION IN EBWR 

2.1 Method for Foil Irradiation and Analysis 

The irradiation facilities, procedure, analytical method, and equip
ment are detailed in ANL-7011.(1) 

The present study of the EBWR neutron-flux distribution was made 
by irradiating small , spherical ( l / l 6-in. diameter) , 1% cobalt-aluminum 
foils with and without 15-mil cadmium covers (see Fig. 1) in preselected 
locations in the core for 30 min. Using the technique previously mentioned, 
up to 60 such foils were simultaneously irradiated. The in-core locations 
for i rradiat ion are shown in Fig. 2. 

BARE F O I L 

Cd END COVER 

SPHERICAL FOIL 

CAPSULE BLANK 

Cd TUBING 

iiiiiiniiiiiiuifcmiiTTr--*^'"-"-—''•^ mmmmm0K0 

T I N G L I N K — ' BEAD CHAIN — ' COMMERCIAL CONNEC 

Fig. 1. Sample Assembly. (A) Part ial ly Assembled, Bare Foil; 
(B) Part ial ly Assembled, Cadmium-covered Foil; (C) Com
pleted Assembly (Note Bead-chain Connector at Right End). 
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B W R C O R C - F U E L S T A T U S BO 

F i g . 2. F o i l - i r r a d i a t i o n L o c a t i o n s Used for Da ta P r e s e n t e d in F i g s . 4 - 2 4 , I n c l u s i v e . 
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The induced Co'" activity was measured with a Nal(Tl) scintillation 
detector and associated electronic equipment. Careful calibration of the 

detection equipment and the uniform-

EXHAUST 
STACK 

SPHERICAL 
FOILS 

VACUUM 
PUMP 

CADMIUM 
COVERS 

ENCAPSULATION 
(BEAD CHAIN) 

ity of the design and weight of the 
detector foils greatly simplified cal
culation of individual foil activities. 

The cobalt concentration in 
the aluminum alloy was 1.01%. The 
average weight of the activation foils 
was 0.00571 g ±1%. The detection 
efficiency was determined from ac
curate radiochemical analysis of 
selected foils. 

Figure 3 is a schematic dia
gram of the irradiat ion-analysis 
procedure. 

2.2 Calculation of Neutron-flux 
Levels from Foil Data 

In most cases , both bare and 
cadmium-covered foils were i r r a 
diated in identical core locations for 
a given set of reactor parameters . 
In a few cases , part icularly where 
plant operating conditions limited 
personnel access to the reactor con
tainment building, such as during 
high-power operation, it was possible 
to i r radiate only bare samples. Be
cause of the interest in these latter 
samples and the need for c ross -
comparison to similar samples i r 

radiated at the other power levels , the first calculations used only the 
bare-foil data from all runs based on a a of 36.0 hM^> The resultant 
neutron-flux values for each foil were plotted, relative to the irradiation 
position of that foil within a given fuel assembly or in the reactor down-
comer. From a se r ies of these axial neutron-flux plots for a given reactor 
operating condition, a neutron-flux isogram plot was constructed, with 
levels of multiples and decimal multiples of lO'^ n/(cm^)(sec). 

Subsequent calculations used the cadmium-covered foil data, giving 
thermal and resonance (dE/E) flux values. The thermal flux was calculated 
in the usual way, using a equal to 26.0 b for the 250°C (489°F) reactor 
system [calculated according to Westcott^^ 3)]^ where 

GLOVE BOX 

A 1 
-,..... 

t 1 RRADI 

\ 

ATION 

CORE 

ESSE 

LOOPS 

L 

• 
BOTTLED 

GAS 

RADIOACTIVE ^ 
WASTE 

STORAGE 

' ' 
RECOVERY 

OF 
FOIL 

' 
AUTOMATIC 

SAMPLE 
CHANGER 

, 
' 

ANALYSIS 

Fig. 3. Schematic Diagram of Irradiation-analysis 
Procedure Used in Study of EBWR Neutron-
flux Distribution 
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a = $ V(TrTo/4T) 

The isogram plots of the thermal neutron-flux levels were calculated 
from bare and cadmium-covered foil information, using a resonance integral 
of 49.3 b for the total epicadmium flux.(14) The resonance flux to 50 keV 
was then obtained by integration of the logarithmic resonance interval be
tween 0.4 eV and 50 keV. No correction was made for l /V contribution to 
the activity of the cadmium-covered cobalt foils. 

Each calculation gave an appropriate point on an axial-flux plot, 
from which the respective neutron-flux isogram plots were prepared. 

3. DISCUSSION OF RESULTS 

The data obtained by cobalt foil irradiation in the EBWR during 
power operation have been assembled and presented in groupings according 
to the operating power level. Subgroupings were then made for different 
soluble-poison concentrations. The neutron-flux isogram plots obtained 
with both bare and cadmium-covered foil data are presented first (see 
Figs. 4 to 13), and those derived from bare foil information only follow 
(see Figs. 14 to 24). The irradiation conditions are summarized in Table I. 

SUMMARY OF IRRADIATION CONDITIONS FOR DATA 
IN FIGS. 4 TO 24. INCLUSIVE 

Run 
No. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1 

Power 
(MWt) 

21 

41.2 

40 

4 2 

62 

58 

60 

78-80 

72 

75 

80 

Rod Pos 
(in. 

Nos. 1-8 

22 

26 

4 8 

4 8 

30.5 

4 8 

4 8 

4 8 

4 8 

40.5 

4 8 

itions 
) 

No. 9 

22 

26 

4 3 

44.5 

30.5 

30 

4 8 

4 8 

4 8 

30 

4 8 

H3BO3 
Concentra t ion 

(ppm) 

2 5 

2 5 

900 

1200 

2 5 

120 

9 2 5 

25 

2 2 5 

290 

540 

Foi l s 
Activated 

C o 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Co-Cd 

X 

X 

X 

X 

X 

Calcula ted F lux 

T h e r m a l 
Resonance 
(Bare Co Only) 

T h e r m a l 
Resonance 
(Ba re Co Only) 

(Ba re Co Only) 

T h e r m a l 
Resonance 
(Bare Co Only) 

T h e r m a l 
Resonance 
(Ba re Co Only) 

T h e r m a l 
Resonance 
(Ba re Co Only) 

(Bare Co Only) 

(Ba re Co Only) 

(Ba re Co Only) 

(Ba re Co Only) 

(Ba re Co Only) 

F ig . 
No. 

4 
5 

14 

6 
7 

15 

16 

8 
9 

17 

10 
1 1 
18 

12 
13 
19 

20 

21 

22 

2 3 

2 4 
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3. 1 Effect of Reactor Power on Neutron-flux Distribution and Energy 

3.1.1 In Absence of Soluble Poison 

Considerable data were obtained at a variety of power levels 
where the concentration of soluble poison was at its lowest normal operating 
level and was pract ical ly insignificant (25 ppm). Power levels studied were 
-20 MWt (Figs. 4, 5, and 14), -40 MWt (Figs. 6, 7, and 15), ~60 MWt 
(Figs. 10, 11, and 18), a n d - 8 0 MWt (Fig. 21). Both bare and cadmium-
covered foil data were available for all but the 80-MWt condition. 

In the absence of soluble poison at powers up to 60 MWt, the 
control rods were inser ted a significant distance into the core, as shown 
in the respective figures. This resulted in peak power production in the 
lower 12 in. of the fuel meat, with a rapid drop in power vertically through 
the core. The power peak is displaced from the core center, probably due 
to the effect of the central control rod. Whether the spike assembly ring 
contributes significantly to this displacement is subject to question. There 
is evidence that the ver t ical distribution of flux and, hence, power in the 
spike assemblies is more limited than in adjacent assembl ies . This might 
be expected in the presence of the burnable poison s tr ips attached to the 
spike assembl ies . 

A significant thermal-neutron reflux peak is observed at the 
bottom of the core, with flux levels approaching that of the peak-power 
zone. As expected, s imilar peaks are absent from the plots of higher-
energy neutrons. 

The peak flux of resonance neutrons is located at a higher 
point in the core than is the a rea of peak thermal neutron flux, with the 
control rods having a more observable effect on the radial distribution. 

Operation of the 100-MWt EBWR core at powers of 60 MWt or 
less in absence of soluble poison resulted in an impractical (from a fuel 
economy point of view), pancake power distribution. Such a distribution 
could be of pract ical value, however, if the assemblies were designed to 
be inverted during a portion of their in-core life, as was initially proposed 
for EBWR Core II.^^^^ 

The neutron flux incident upon the reactor vessel is not a l inear 
function of the power level since the effect of raising the power level was 
p r imar i ly shown as increasing the height ra ther than the diameter of the 
effective core volumes. 

3,1.2 In Presence of Soluble Poison 

Irradiat ions were made at -40 and -60 MWt with very similar 
soluble-poison concentrations (-900 ppm), and at -80 MWt with a somewhat 
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112-2786 Rev. 

F i g . 4. T h e r m a l - n e u t r o n - f l u x I s o g r a m Plo t for R e a c t o r P o w e r of 
21 MWt, So lub le -po ison C o n c e n t r a t i o n of 25 ppm a s B o r i c Acid 
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wwww 
Fig. 5. Resonance-neutron-flux Isogram Plot for Reactor Power of 

21 MWt, Soluble-poison Concentration of 25 ppm as Boric Acid 
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112-2620 Rev. 

Fig. 6. Thermal-neutron-flux Isogram Plot for Reactor Power of 
41.2 MWt, Soluble-poison Concentration of 25 ppm as Boric Acid 
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112-2784 Rev. 

Fig. 7. Resonance-neutron-flux Isogram Plot for Reactor Power of 
41.2 MWt, Soluble-poison Concentration of 25 ppm as Boric Acid 



18 

l o w e r c o n c e n t r a t i o n (540 ppm) . The r e s u l t a n t n e u t r o n - f l u x p lo t s a r e shown 
in F i g s . 16, 20, and 24, r e s p e c t i v e l y . No c a d m i u m - c o v e r e d foil da ta w e r e 
ob ta ined on any of the r u n s . 

The m o s t obvious effect due to p o w e r - l e v e l v a r i a t i o n in t he a b 
s e n c e of soluble po i son was tha t due to w i t h d r a w a l of the c o n t r o l s r o d s ; i . e . , 
the effective c o r e is expanded ax ia l ly . With l a r g e a m o u n t s of so lub l e po i son , 
the con t ro l r o d s a r e a l r e a d y wi thd rawn to n e a r t h e i r e f fec t ive l i m i t s so that 
changes in power l eve l m e r e l y change the n e u t r o n - f l u x l e v e l r a t h e r un i fo rmly 
ove r the c o r e . The r a d i a l d i s p l a c e m e n t of the p e a k flux a r e a f rom the co re 
c e n t e r is not p r e s e n t at 40 and 60 MWt; h o w e v e r , it i s o b s e r v e d at 80 MWt. 
This m a y be p a r t i a l l y b e c a u s e , as m e n t i o n e d a b o v e , the c o n c e n t r a t i o n of 
so luble po ison was s igni f icant ly lower than for the 4 0 - and 60-MWt r u n s . 

At 40 MWt, the n e u t r o n flux at the r e a c t o r v e s s e l a p p e a r s to be 
c o n s i d e r a b l y l e s s than at the h igher po\ver l e v e l s . 

3.2 Effect of So lub le -po i son C o n c e n t r a t i o n on N e u t r o n - f l u x D i s t r i b u t i o n 
and E n e r g y 

Since foils w e r e i r r a d i a t e d in the EBWR with s e v e r a l d i f fe ren t 
c o n c e n t r a t i o n s of soluble po i son at - 4 0 , - 6 0 , and - 8 0 MWt (though bo th 
b a r e and c a d m i u m - c o v e r e d foils w e r e i r r a d i a t e d with d i f fe ren t s o l u b l e -
po i son c o n c e n t r a t i o n s only at - 4 0 and - 6 0 MWt), one can e v a l u a t e the effect 
of the u n i f o r m l y - d i s t r i b u t e d l / v po i son on the n e u t r o n i c s of the r e a c t o r . 

3.2.1 At -40 MWt 

I r r a d i a t i o n s w e r e m a d e at c o n c e n t r a t i o n s of 25 , 900, and 
1200 ppm (as b o r i c ac id ) , a l though only b a r e foils w e r e i r r a d i a t e d at the 
900-ppm leve l . Since both t h e r m a l and e p i c a d m i u m ( r e s o n a n c e ) i n fo rma t ion 
is ava i l ab le for the r e a c t o r at 40 MWt and at 2 5 - and 1 2 0 0 - p p m so lub le po i 
son, a c o m p a r i s o n of t h e s e data i s i n t e r e s t i n g . 

C o m p a r i n g F i g s . 6 and 7 with F i g s . 8 and 9, r e s p e c t i v e l y , shows 
that the p r e s e n c e of soluble po ison has a l lowed a l m o s t c o m p l e t e w i t h d r a w a l 
of the con t ro l r o d s , with a r e s u l t a n t shift u p w a r d s of the p e a k flux a r e a . The 
peak t h e r m a l - n e u t r o n flux has been r e d u c e d by n e a r l y a t h i r d [ f rom 3.75 x 
10 to 2.6 X 10'^ n / (cm^)(sec) ] , and the peak a r e a h a s b e e n s p r e a d ax i a l l y . 
A m u c h g r e a t e r po r t ion of the i n t e g r a t e d flux is l o c a t e d m the o u t e r fuel 
a s s e m b l i e s , giving a m o r e un i fo rm r a d i a l - p o w e r d i s t r i b u t i o n . The n e u t r o n 
flux, both t h e r m a l and r e s o n a n c e , inc ident on the r e a c t o r v e s s e l w a s signif
icant ly lower in the p r e s e n c e of b o r i c ac id , even though the ef fec t ive c o r e 
vo lume with the soluble poison was m u c h e n l a r g e d . 
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112-2626 Rev. 
Fig. 8. Thermal-neutron-flux Isogram Plot for Reactor Power of 

42 MWt, Soluble-poison Concentration of 1200 ppm as Boric Acid 
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112-2783 Rev. 

Fig. 9. Resonance-neutron-flux Isogram Plot for Reactor Power of 
42 MWt, Soluble-poison Concentration of 1200 ppm as Boric Acid 
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Figures 15, 16, and 17, which were constructed from bare-foil 
data only, indicate the intermediate concentration level of 900-ppm soluble 
poison at -40 MWt. Though the peak flux is higher (as expected) than for 
a 1200-ppm concentration, the flux distribution through the core is quite 
uniform, and the neutron flux incident on the reactor vessel is much lower 
than in the absence of the soluble poison. 

3.2.2 At -60 MWt 

At -60 MWt, as at 40 MWt, one of the three sets of data does 
not include cadmium-covered foil information. The difference in soluble-
poison concentration is much smaller for the other two sets (25 and 
120 ppm), and the control rod configuration for the run with 120-ppm sol
uble poison was quite unusual due to rod oscillation studies being performed. 
Even so, the flux distribution, both thermal and resonance, was improved 
(see F igs . 10, 11, 12, and 13). The peak neutron flux was reduced by 20%, 
and the peak flux a rea was broadened and shifted upwards. Time did not 
permit a determination of the effect the lower position of the center control 
rod (No. 9) had on the distribution. 

F igures 11 and 13 of the resonance flux, and part icularly the 
2.0 x 10'^ n/(cm^)(sec) isogram levels at the maximum radial positions, 
indicate that the addition of only -100 ppm of boric acid to the coolant-
moderator water provided some protection to the reactor vessel , in addition 
to its beneficial core-neutronics effects. This effect may have been en
hanced by the position of the center control rod. 

A comparison of the bare foil data presented in Figs . 18, 19, and 
20 for 25- , 120-, and 925-ppm soluble poison, respectively, all at approxi
mately 60 MWt, shows that much more of the advantage of soluble poison on 
the neutron-flux distribution was real ized in the first -100-ppm addition than 
in the additional -800-ppm addition. This assumes that the position of the 
central control rod at 120 ppm did not greatly affect that flux distribution 
data. With the higher concentration, the peak flux is lowered and the area is 
enlarged and relocated higher in the core . The presence of soluble poison 
has definitely improved the neutron flux distribution. 

3.2.3 At 72 to 80 MWt 

Four sets of data were obtained during this high-power operation 
of EBWR; however, personnel access limitation into the reactor contain
ment building limited the i r radiat ions to bare foils only. The reactor was 
operating in a unique m a n n e r ( l l ) at these powers in that an unusually large 
amount of water was entrained in the effluent steam. This water , after being 
cooled in the condenser, was returned to the reactor in a manner similar to 
that in dual-cycle boiling reactor sys tems. Since the amount of car ry-over 
was a direct function of the water level in the reactor , operation at any 
given power could be accomplished with a variety of control rod positions, 
dependent almost entirely on the subcooling resulting from the return of 
large quantities of the cold water from the condenser. 
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112-2785 Rev. 

F i g . 10 . T h e r m a l - n e u t r o n - f l u x I s o g r a m P l o t f o r R e a c t o r P o w e r of 

62 M W t , S o l u b l e - p o i s o n C o n c e n t r a t i o n of 2 5 p p m a s B o r i c A c i d 
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707'7" TOP OF 

Fig 11 Resonance-neutron-flux Isogram Plot for Reactor Power of 
62 MWt, Soluble-poison Concentration of 25 ppm as Boric Acid 
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7 0 B ' 7 " BOnOH OF 

C. ROD POISON 

7 0 8 ' 5 " BOTTOM OF 

MEAT 
7 0 B ' 3 1 / 2 " BOnOH OF 

PELLETS 
7 0 B ' 2 ' BOTTOM OF 

7 0 7 ' 7 " TOP OF 

Fig. 12. Thermal-neutron-flux Isogram Plot for Reactor Power of 
58 MWt, Soluble-poison Concentration of 120 ppm as Boric Acid 



25 

708'7 ' BOTTOM OF 

707'7" TOP OF 

F i g . 13. R e s o n a n c e - n e u t r o n - f l u x I s o g r a m P lo t for R e a c t o r P o w e r of 
58 MWt, S o l u b l e - p o i s o n C o n c e n t r a t i o n of 120 ppnn a s B o r i c Acid 
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Fig. 14. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 21 MWt, Soluble-poison 
Concentration of 25 ppm as Boric Acid 
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n/(cm U s e d WWW WWWW 
Fig. 15- Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 41.2 MWt, Soluble-poison 
Concentration of 25 ppm as Boric Acid 
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Fig. 16. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 40 MWt, Soluble-poison 
Concentration of 900 ppm as Boric Acid 
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Fie 17 Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 42 MWt, Soluble-poison 
Concentration of 1200 ppm as Boric Acid 
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T h i s c o m p l e x o p e r a t i o n , with the i n t r o d u c t i o n of a n o t h e r v a r i a b l e 
(that of subcool ing due to c a r r y - o v e r a s a funct ion of r e a c t o r w a t e r l eve l ) 
c o m p l i c a t e d the a n a l y s i s of the da ta p r e s e n t e d in F i g s . 21 to 24, for 7 2 - to 
80-MWt o p e r a t i o n . One is l i m i t e d to o b s e r v a t i o n s of the m o d i f i c a t i o n of the 
o v e r a l l effect ive c o r e shape as a c o n s e q u e n c e of i n c r e a s i n g s o l u b l e - p o i s o n 
c o n c e n t r a t i o n s . Again , it i s q u e s t i o n a b l e w h e t h e r the u n u s u a l p o s i t i o n of the 
c e n t r a l c o n t r o l r od (F ig . 23) s ign i f ican t ly affected the d i s t r i b u t i o n of the neu 
t r o n flux. A c o m p a r i s o n with F ig . 22, in which both the r e a c t o r power and 
so lub le po i son c o n c e n t r a t i o n w e r e s i m i l a r , i n d i c a t e s tha t the effect ive c o r e 
in F i g . 23 has a m u c h l a r g e r and m o r e un i fo rm r a d i u s . How m u c h of th i s 
effect m a y be due to the subcool ing is q u e s t i o n a b l e , but the p o s s i b i l i t y of 
p o w e r - d i s t r i b u t i o n t a i l o r i n g in a r e a c t o r c o r e by c o n t r o l r o d m a n i p u l a t i o n 
should be m o r e ex t ens ive ly i nves t i ga t ed for fu ture a p p l i c a t i o n s . 

4. PROPOSED F U T U R E STUDIES IN EBWR OR 
SIMILAR POWER R E A C T O R S 

The s u c c e s s of the p r o g r a m r e p o r t e d above , in which only cobal t 
foil m a t e r i a l was a v a i l a b l e , i nd i ca t e s that an ex t ens ion of the w o r k should 
inc lude a v a r i e t y of d e t e c t o r foil m a t e r i a l s s e l e c t e d to b e s t c h a r a c t e r i z e 
the n e u t r o n e n e r g y e n c o u n t e r e d in the r e a c t o r c o r e . C a r v e r and Morgan^ ' 
s e l e c t e d jus t such a l i s t of m a t e r i a l s ( see Tab le II). They did not have the 
benefi t of c a d m i u m c o v e r s , so that u s e of t hose m a t e r i a l s wi th and without 
c o v e r s should give a wea l th of n e u t r o n - e n e r g y s p e c t r u m i n f o r m a t i o n . Such 
a s e l e c t i o n has a l r e a d y been obta ined for u s e in the EBWR af te r m o d i c a t i o n 
for the P lu ton ium Recyc l e E x p e r i m e n t . 

The pos s ib i l i t y of us ing f i s s ionab le i s o t o p e s for p o w e r - r e a c t o r s tudies 
is a l s o ava i l ab le by th is method and m a y be e x p l o r e d . T h e s e would have p a r 
t i c u l a r i n t e r e s t with a p lu tonium c o r e . 

The in fo rma t ion gained in th i s s tudy m a k e s it obvious tha t a so luble 
po ison is va luab le in i m p r o v i n g and f la t tening the n e u t r o n - f l u x d i s t r i b u t i o n 
and, hence , the power d i s t r i b u t i o n in the r e a c t o r c o r e . F u t u r e s t u d i e s by 
f l ux -d i s t r i bu t ion t echn iques and coupled with b u r n u p a n a l y s e s a f te r p ro longed 
ope ra t i on would be n e c e s s a r y to con f i rm the full va lue of t h i s c o n t r o l 
t e chn ique . 

Power t a i l o r i n g th rough jud ic ious u s e of c o n t r o l r o d s m a y give b e t t e r 
fuel economy, and th i s can be exp lo r ed e a s i l y by f u r t h e r a p p l i c a t i o n and ex
t ens ion of th i s s tudy. 

P l a n s a r e under way to u t i l i ze th i s m e t h o d in the P l u t o n i u m R e c y c l e 
E x p e r i m e n t (modified EBWR). C o m p u t e r a n a l y s i s of the da ta i s def in i te ly 
ind ica ted for the l a r g e n u m b e r of d e t e c t o r foils that wi l l be u s e d . 
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Fig 18. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 
Activation Only, for Reactor Power of 62 MWt, Soluble-poison 
Concentration of 25 ppm as Boric Acid 
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Fig. 19. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 
Activation Only, for Reactor Power of 58 MWt, Soluble-poison 
Concentration of 120 ppm as Boric Acid 
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n/(c [n l ( s e c ) WWW WWWW 
Fie 20. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 60 MWt, Soluble-poison 
Concentration of 925 ppm as Boric Acid 
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Fig. 21. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 78-80 MWt, Soluble-
poison Concentration of 25 ppm as Boric Acid 
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Fig. 

22 Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 
Activation Only, for Reactor Power of 72 MWt, Soluble-poison 
Concentration of 225 ppm as Boric Acid 
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7 0 B ' 7 ' BOTTOM OF 

C. ROD POISON 

7 0 8 " 5 " BOTTOM OF 

MEAT 

7 0 7 ' 7 ' TOP OF 

WWW WWWW 
Fig. 23. Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 

Activation Only, for Reactor Power of 75 MWt, Soluble-poison 
Concentration of 290 ppm as Boric Acid 
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Fig 24 Neutron-flux Isogram Plot Determined from Bare Cobalt Foil 
^' Activation Only, for Reactor Power of 80 MWt, Soluble-poison 

Concentration of 540 ppm as Boric Acid 



Tab le II 

RADIOACTIVANTS TO BE USED IN N E U T R O N - F L U X 
STUDIES IN THE PLUTONIUM R E C Y C L E E X P E R I M E N T 

Iso tope 

L u ' " 

L u " ^ 

Eu'=' 

I r ' ' ' 

I r ' " 

In"^ 

A u ' " 

w ' 5 ' 

L a ' " 

Co^' 

Mn^^ 

C u " 

R e s o n a n c e E n e r g y 

l /v Only 1 

0.143 J 

f0.321 1 

lo.461 J 

0.654 "1 

1.303 J 

1.457 

4.906 

18.8 

73.5 

123 

337 

580 

N a t u r a l E l e m e n t 
in A l u m i n u m 

(w/o) 

- 6 * 

- 0 . 2 * 

- 0 . 2 5 * 

0 .033* 

0 .056* 

- 0 . 0 6 5 * * 

- 0 . 6 * 

1.01 

0.82 

0.47* 

* C o n c e n t r a t i o n s s i m i l a r to t hose u s e d by C a r v e r and Morgan . ( ^ ) 

**Suspens ion in a l u m i n u m . * 

CONCLUSIONS 

F o r the f i r s t t i m e , de ta i l ed n e u t r o n - f l u x d i s t r i b u t i o n i n f o r m a t i o n has 
been ob ta ined f rom an o p e r a t i n g power r e a c t o r a s a funct ion of a v a r i e t y of 
o p e r a t i n g p a r a m e t e r s . The i n fo rma t ion was ob ta ined wi thout i n t e r f e r i n g with 
n o r m a l r e a c t o r o p e r a t i o n . 
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The effects of power changes and soluble-poison concentration have 
been evaluated, with the obvious conclusion that the neutron-flux distribution 
and, hence, power distribution in the reactor core are greatly improved in 
the presence of maximum quantities of soluble poison, i .e. , a sufficient quan
tity to allow nearly complete withdrawal of the control rods. 

By reducing neutron leakage from the core through the use of soluble 
poison, the neutron flux impinging on the reactor vessel (and, it is assumed, 
the consequent radiation damage) is reduced. Likewise, the peak of thermal 
reflux neutrons at the bottom of the core (in the vicinity of the support plate) 
is also reduced. 

One of the most obvious conclusions is that more work is needed to 
extend the knowledge of operating parameter effects on the core power dis
tribution. Such studies should be under the control of the experimenter 
(contrary to the present case in which the compressed operation schedule of 
the reac tor facility during the preparation and approach to high-power oper
ation was the controlling factor over all the experimentalists involved m the 
program) to the extent that additional irradiation locations should be avail
able, and the operating pa ramete r s should be adjusted for irradiations to 
maximize the effect under study while reducing interfering effects. 

In spite of the limitations encountered by the present study, much 
useful information was obtained, justifying the effort expended. 
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